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Abstract
The continuous development and expansion of a raw material base in response to increasing environmental and technical requirements 
for most consumable commodities are crucial for the sustainable development of resource- and energy-intensive materials and 
technologies. As the sources for alkali-activated cements and zeolites, recent studies have reported the suitability of applying calcined 
clays with various chemical compositions, percentages, and constituent clay minerals and secondary minerals. In  this article, the 
results of a feasibility study on the alkali activation of low-grade clays with 7.26 % montmorillonite/chlorite and 23.14 % kaolinite/
montmorillonite minerals are reported. The 6M NaOH activation of clays thermally treated at 700 °C results in the formation of a 
hardened paste with a compressive strength of up to 5 MPa, with an N-(A)-S-H binder gel and zeolite Na2Al2Si2.5O9∙6.2H2O being the 
main reaction products.
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1 Introduction
The demand for inorganic binders has increased in recent 
years, not only for use in building construction materi-
als [1, 2] but also for other industries with diverse require-
ments [3]. Meanwhile, the development and production 
of cement as a binder meeting the increasing ecologi-
cal and technical needs for various uses has necessitated 
changes in the raw material base. To this end, the use of 
calcined clays in both environmentally oriented low-clin-
ker blended Portland cements and in non-clinker alka-
li-activated cements has significantly increased in recent 
decades owing to their availability, spreadability, raw 
value, and technical efficiency [4]. The application of ther-
mally treated clays, which have been established as afford-
able alternatives to the expensive chemical sources of silica 
and alumina, in the production of valuable and multifunc-
tional products has also increased [5]. Their suitability in 
forming aluminosilicates with a three-dimensional frame-
work through a low-cost hydrothermal synthesis has made 
calcined clays useful products in the development of pure 
zeolites and alkali-activated cements [6], which comprises 
zeolites under certain conditions. From a compositional 
perspective, clays are extremely diverse materials and dif-
fer in their chemical compositions, percentages, and types 
of clay and non-clay minerals and impurities present, 
among other factors. In this regard, high-grade kaolin clays 
with a 1:1 kaolinite content of over 65 % are considered the 
most valuable resource for obtaining pure and highly reac-
tive amorphous metakaolin for various purposes. However, 
among the major global industrial mineral resources, 90 % 
of the clays employed in production are 2:1 layer-lat-
tice minerals, whereas only 10 % are kaolin or bentonite 
clays [7]. To expand the range of available clay resources, 
a number of studies have recently been conducted. Such 
studies have demonstrated the suitability of various ther-
mally treated clays, including medium- (40–65 %) and 
low-grade (<40 %) kaolin clays, as well as multimineral 
clays consisting of kaolin and/or non-kaolin clay minerals 
and non-clay minerals as precursors for alkali-activated 
materials [8–10] and as sources for the synthesis of zeolites 
through an alkali hydrothermal process [11, 12]. Although 
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several studies have been conducted, those focusing on 
low-grade clays comprising less than 25 % clay minerals 
have been less comprehensive [13–15]. 
This study aims to examine the potential application 
of low-grade calcined clays at 600, 700, and 800 °C with 
7.26 % 2:1 layer-lattice clay minerals and 23.14 % 1:1+2:1 
layer-lattice clay minerals for alkali activation.
2 Experimental details
2.1 Materials
The clays used in this study were obtained from depos-
its in the Republic of Tatarstan (Russian Federation). The 
chemical and mineralogical compositions of the clays are 
presented, respectively, in Tables 1 and 2. 
According to Table 2 сlay 1 is comprised of 7.26 % of 
clay minerals including 2:1 layer-lattice montmorillonite 
and chlorite minerals, while Clay 2 contains 23.14 % of 1:1 
layer-lattice kaolinite and 2:1 layer-lattice montmorillonite 
and chlorite clay minerals.
The alkaline activator commercial sodium hydroxide 
pellets were obtained from Meterra (Russian Federation).
The details of the size distributions of calcined and 
milled clays are given in Fig. 1. The specific surface areas 
of Clays 1,2 were 6642, 6925 cm2/g (Blaine), respectively. 
A substantial 82 % of the сlay particles were <45 µm and 
35 % were <10 µm.
2.2 Methods
The chemical composition of the clays was determined 
using atomic emission spectrometry (OPTIMA 4300 DV). 
The particle size distribution of the clays was measured 
using a laser particle size analyzer (Horiba La-950V2). 
Clays were dispersed via ultrasound in ethanol and dis-
persion medium.
The clays were calcined at 600, 700, and 800°C for 5 h 
using heating rates of 1.7, 2.5 and 3.3°С/min, respectively, 
and milled in a planetary mill MPL-1. 
The 6M NaOH solution was prepared by dissolving 
of NaOH pellets in deionized water and cooling down to 
room temperature during 24 h prior to use. 
The calcined clay samples were kneaded for about 
10 min with alkaline activators solution at liquid/ratio 
of 0.45 to form pastes. The pastes were manually cast into 
50 × 50 × 50 mm cubic moulds and vibrated to remove 
entrapped air. The compressive strength of the cubes was 
tested after steam curing, following a treatment program 
of 24 h of pre-setting, 4 h to reach the desired temperature, 
6 h of dwell time at 85°C and 3 h cooling. Compression 
tests were performed by applying a load between the two 
surfaces that were vertical during casting. Each strength 
determination quoted is based on an average of six mea-
surements from the same cast. Standard deviation and coef-
ficient of variation were 0.175 and 5.984 %, respectively.
Table 1 Chemical composition of clays
Component (mass % as oxide)
Clay
Clay 1 Clay 2
SiO2 62.69 64.80
TiO2 0.72 1.22
Al2O3 10.7 20.60
Fe2O3 4.15 2.31
MnO 0.08 0.01
CaO 8.68 0.51
MgO 1.80 0.52
Na2O 1.04 0.18
K2O 2.16 0.79
P2O5 0.08 0.05
SO3 0.05 0.05
LOI 7.46 8.57
Table 2 Mineralogical composition of clays
Minerals (wt%)
Clay
Clay 1 Clay 2
Chlorite 2.38 -
Montmorillonite 4.88 8.71
Kaolinite - 14.43
Calcite 3.37 -
Quartz 30.44 26.73
Dolomite 1.04 -
Feldspars 15.41 4.26
Amorphous phase 33 35
Clay minerals 7.26 23.14
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Fig. 1 Particle size distribution of clays
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X-ray diffraction (XRD) and thermal analyses (TG/
DSC) were performed on finely ground clays and samples 
of hardened pastes that had been steam cured. The XRD 
data were collected using a D2 Phaser X-ray diffractome-
ter in a Bragg-Brentano θ–2θ configuration with a Cu Kα 
radiation, operating at 40 kV and 30 mA. The data anal-
ysis was performed using the DIFFRAC plus Evaluation 
Package EVA Search/Match and the PDF-2 ICDD database. 
The mineralogical composition analysis of clays was esti-
mated by analyzing the X-ray diffractograms in the soft-
ware product Diffrac.eva V3.2. The quantification of the 
different phases is determined by the Rietveld method. An 
STA 443 F3 Jupiter simultaneous thermal analysis appara-
tus was used for TG/DSC. The samples were heated from 
30°C to 1000°C at a heating rate of 10°C/min. The data 
was analyzed using Netzsch Proteus Thermal Analysis. 
FTIR spectra were recorded using a Spectrum 65 (Perkin-
Elmer) ranging from 4000 to 650 cm–1.
3 Results and discussion
3.1 Mechanical properties
The influences of the calcination temperature and clay 
type on the compressive strength of hardened alkali-acti-
vated clay pastes are shown in Table 3. The compressive 
strength increases with an increase in the calcination tem-
perature. Hardened pastes prepared using Clay 1 demon-
strate a lower compressive strength that those prepared 
using Clay 2. 
3.2 Calcined clays characterization
X-ray, thermal analyses, and infrared spectroscopy were 
performed to reveal the changes in the clays composition 
during the thermal treatment.
Figs. 2 and 3 show XRD analysis results of Clays 1 and 2 
in the raw and thermally treated states. As can be seen cal-
cination at temperatures 600, 700°C leads to decomposition 
and the disappearance of the peaks assigned to clay min-
erals - montmorillonite (Na,Ca)Al2(Si,Al)4O10(OH)2∙H2O 
chlorite Mg2.96Fe1.55Fe0.136Al0.275)(Si2.622Al1.376O10)(OH)8 in 
Clay 1 and kaolinite Al2Si2O5(OH)4 and montmorillonite 
in Clay 2. Calcite СaCO3 and dolomite Ca(Ca0.17Mg0.83)
(CO3) present in the raw Clay 1 also decompose after cal-
cination at 700°C. The changes in the mica, layered sil-
icates KAl2(Si,Al)4O10(OH)2, quartz SiO2, and feldspars 
(K0.95Na0.05)AlSi3O8, K0.2Na0.8AlSi3O8 are negligible.
Figs. 4–7 demonstrate thermal analysis results. Endo-
thermic peaks are detected for raw clays at 50°C – loss of 
adsorbed water, 130°C - loss of crystallization water by 
montmorillonite and kaolinite for both clays, in the range 
430–560°C – dehydroxylation of kaolinite for Clay 2, in 
the range 600–720°C – decarbonation of calcite and dolo-
mite for Clay 1. 
TG analysis confirms these results – the highest weight 
losses for raw Clay 1 at 30–130 (2.66 %) and 600–720°C 
(2.81 %) are associated with clay and carbonate minerals, 
for raw Clay 2 at 30–120 (1.59 %) and 430–560°C (5.27 %) 
are attributed to clay minerals.
Figs. 8 and 9 show the infrared spectroscopic results for 
clays in raw and calcined states. 
The bands at 3363–3399, 3619, 3691 cm−1 and 1637–
1659 cm−1 representing the stretching and the deformation 
vibrations of OH- and H-O-H groups from water mole-
cules are typical for polymeric structures, including alu-
minosilicate networks, and can be related to bound water 
in aluminosilicate minerals in raw a thermally treated 
clays [16]. The bands at 1024–1029 cm−1 and 1112 cm−1 
reflect in-plane and out-of-plane stretching Si-O vibra-
tions, respectively. The bands at 986 and 994 cm−1 are 
associated both with quartz, feldspar, and stretching 
vibrations of Al-O and Si-O in amorphous aluminosili-
cate structures [17]. The band at 908 cm−1 referring to OH 
and AlAlOH vibrations of crystalline kaolinite and mont-
morillonite [18] in raw Clay 2 disappear after calcination. 
The bands at 1420–1442 cm−1 and 874 cm−1, are observed 
in the spectra of clay 1, correspond to calcium carbon-
ates [19]. Those signals are less intense in the calcined clay 
compared to the raw clay, due to the decomposition of cal-
cite and dolomite at the thermal treatment. Vibrations at 
776–778 and 692 cm−1 are attributed to quartz [20].
3.3 Hardened pastes characterization
The reacted systems based on the clays calcined at 700°C 
were studied by X-ray, thermal, and FTIR analyses.
The XRD patterns of the samples of hardened pastes 
are shown in Fig. 10. The relics of non-reacted quartz, 
feldspars, and layered silicates are identified in all the 
Table 3 Compressive strength of hardened alkali-activated clay cement 
pastes (MPa)
Clay Calcination temperature (°C) Compressive strength (MPa)
Clay 1
600 0.8
700 2.5
800 2.5
Clay 2
600 1.3
700 4
800 5
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Raw 
clay 
600oC 
700oC 
800oC 
Fig. 2 X-ray diffractograms of raw Clay 1 and calcined at 600, 700, and 800°C
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Raw 
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Fig. 3 X-ray diffractograms of raw Clay 2 and calcined at 600, 700, and 800°C
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Temperature, 0C 
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Fig. 4 DSC analysis of raw Clay 1 and calcined at 600, 700, and 800°C
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TG (%) 
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Fig. 5 TG analysis of raw Clay 1 and calcined at 600, 700, and 800°C
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Fig. 6 DSC analysis of raw Clay 2 in raw state and calcined at 600, 700, 
and 800°C
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Fig. 7 TG analysis of raw Clay 2 and calcined at 600, 700, and 800°C
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hardened AACC (alkali activated clay cement) pastes. Both 
AACC1 and AACC2 based on Clays 1 and 2, respectively, 
include new formed hydrated sodium and aluminium sili-
cate Na2Al2Si2.5O9∙6,2H2O belonging to the zeolite group.
The percentage of amorphous phase in hardened AACC1 
paste was 38 % and zeolite 3 % (from the amount of crys-
talline phases), in AACC2 – 28 % and 34 %, respectively. 
Thermal analysis, Figs. 11 and 12 show 2 endothermic 
peaks for AACC1 in the ranges 30–95°C and 95–135°C 
with weight losses 3.14 and 1.25 %, respectively, and for 
AACC2 in the ranges 30–105°C and 105–200°C with 
weight losses 4.08 and 6.63 %.
FTIR spectra of the hardened pastes are shown in Fig. 13.
As can be seen the bands in the regions at 3373–3375 
and 1641–1645 cm−1 attributed to stretching and the defor-
mation vibrations of OH- and H-O-H groups from water 
molecules compared to calcined clay spectrum become 
more intensive and prove the formation of binder gel [21]. 
The bands located at 1024–1029 cm−1 reflecting in-plane 
and out-of-plane stretching Si-O vibrations shifts to the 
946–958 cm−1 reflecting ʋas Si-O vibrations [22] due to 
structural arrangement as the reactive phase of the cal-
cined clays transforms to the binder gel. Vibrations at 
776 cm−1 attributed to quartz remain unchanged. The for-
mation of zeolitic phase was proved by the bands at 733 
and 656 cm−1 [23].
TG (%)  DSC (mVt/mg)  
Temperature, 0C 
Fig. 11 Thermal analysis of AACC1 (based on calcined at 700°C Clay 1) hardened paste
TG (%)  DSC (mVt/mg)  
Temperature, 0C 
Fig. 12 Thermal analysis of AACC2 (based on calcined at 700°C Clay 2) hardened paste
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3.4 Formation of calcined-clay–NaOH systems
An analysis of the results obtained allows us to speculate 
that the following processes occur in the studied materials 
and reacted systems. According to XRD and thermal anal-
ysis results, a full decomposition of the clay minerals in 
both types of clay considered requires calcination at tem-
peratures of higher than 600°C. This explains the greater 
mechanical characteristics (Table 3) of the hardened pastes 
prepared from the clays at 700°C and 800°C as compared to 
those prepared at 600°C. The completeness of the decompo-
sition of the clay minerals at a definite calcination tempera-
ture provides the maximum possible formation of the reac-
tive phase, and consequently, the greatest possible amount 
of binder gel during alkali activation. The percentage of 
the clay minerals is another influencing factor determin-
ing the amount of binder gel and its mechanical properties. 
The compressive strength of the hardened pastes prepared 
using Clay 2, which contains 23.14 % clay minerals under 
raw conditions, is higher than those prepared using clay 1, 
which contains 7.26 % clay minerals under similar condi-
tions. The higher content of the binder gel in pastes cre-
ated using clay 2 compared to those created using clay 1 is 
confirmed through a TG analysis (Figs. 11 and 12), which 
reveals a higher weight loss within a temperature of up to 
200 °C, i.e., 10.81 % and 4.39 %, respectively. Further, the 
total mass losses in the hardened materials prepared from 
clays 1 and 2 are 8.15 % and 15.44 %, respectively. The 
results of the mechanical tests prove that the binder gel ade-
quately covers and binds the non-reactive constituents, thus 
making a hardening of low-strength consolidated materials 
possible with a low clay mineral content for both montmo-
rillonite/kaolinite and montmorillonite/chlorite based sys-
tems. The consolidation of the hardened paste of Clay 1 
with a low clay mineral content may be supported by a slow 
reaction with alkali, resulting in good adhesion within the 
interfacial transition zone of a binder gel with feldspars. 
According to the XRD, FTIR spectroscopy, and DSC/TG 
results, the alkali activation of the calcined clays in pastes 
based on non-calcium clays results in the formation of a 
binder gel that is most likely N-(A)-S-H. The hydrother-
mal treatment of the reacted systems with calcined clays 
of 6M NaOH creates favorable conditions for the crystalli-
zation of zeolite Na2Al2Si2.5O9∙6.2H2O. It should be noted 
that it forms in pastes made of both types of clay, notwith-
standing the differences between the types of clay miner-
als present. However, as demonstrated in the XRD analy-
sis results, a higher percentage of clay minerals in Clay 2 
resulted in the formation of a higher content of zeolite than 
that formed in pastes based on Clay 1 (Fig. 10). 
To summarize, the clays studied were calcined at 
700°C, activated by 6M NaOH, and steam cured at 85°C 
for 6 h, resulting in the formation of hardened pastes with 
compressive strengths of between 2.5 and 5 MPa, with 
zeolites as a reaction product. The properties obtained 
favor the use of such materials in ion-exchange processes, 
low-strength materials, and matrices for the solidification 
of toxic and radioactive wastes, particularly when consid-
ering the fact that the compressive strength required for 
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cementitious waste forms varies significantly across dif-
ferent countries, i.e. 0.35 MPa in France, 3.4 MPa in the 
US, 5 MPa in the Russian Federation, 7 MPa in the UK, 
and 10 MPa in Switzerland [24]. 
4 Conclusions
Thermally treated clays are a valuable resource for pro-
ducing different types of inorganic binders, including 
multipurpose alkali-activated mineral matrices. However, 
deposits of the most valuable high-grade kaolin clays are 
limited. Given that clays are extremely diverse resources 
in terms of their chemical and mineralogical composi-
tions, feasibility studies focusing on the suitability of var-
ious types of clays are helpful for increasing the oppor-
tunity to obtain different types of materials for various 
purposes. In this study, the potential of applying calcined 
low-grade clays with 7.26 % 2:1 layer-lattice minerals and 
23.14 % 1:1 + 2:1 layer-lattice minerals as constituent clay 
minerals for alkali-activated materials was investigated. 
The reported data demonstrate that, after thermal treat-
ment at 700°C, both types of clay become adequately reac-
tive, forming low-strength hardened pastes with varying 
degrees of effectiveness. The main reaction products of 
calcined clays in 6M NaON systems are a hydrated sodium 
aluminosilicate gel N-(A)-S-H and sodium and alumin-
ium silicate Na2Al2Si2.5O9∙6,2H2O in both montmoril-
lonite/chlorite and kaolinite/montmorillonite based alka-
li-activated systems. The zeolite content and compressive 
strengths are higher for alkali-activated clay pastes pre-
pared from clay 2 with a higher percentage of clay miner-
als as compared to those prepared from clay 1.
The results obtained demonstrate that the current raw 
base material for zeolite-containing and low-strength alka-
li-activated clay cements can be expanded to include low-
grade calcined clays with a clay mineral content of lower 
than 25 %.
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